The prevailing hypothesis of caffeine biosynthesis starting from xanthosine was combined with Kremers' speculation on NAD as a biochemical precursor of caffeine and trigonelline in coffee. This bold sketch together with a few free-spirited ideas may channel future caffeine biosynthesis studies into novel directions.
Introduction
When looking at textbook chapters and scientific articles reviewing caffeine biosynthesis, we get the impression that this issue has been definitely resolved by the many research groups which chopped up coffee, cocoa , tea, mate, guaraná, or cola in order to track the traces left by radioactive precursors, or to isolate and test enzyme activities. The results have been summarized in a large number of reviews. I refrain here from listing the citations. They can be found elsewhere in this special issue.
The today's 'caffeine canon' reads as follows: Xanthosine → 7-methylxanthosine → 7-methylxanthine → 3,7-dimethylxanthine (theobromine) → 1,3,7-trimethylxanthine (caffeine)
What is wrong about this sequence? Nothing, unless one postulates that (a) in vitro findings deserve in vivo verification, and (b) a pathway of a plant defense compound must somehow be integrated into the plant physiological processes. For instance, caffeine biosynthesis is strongly (≧ 20x) stimulated by light, and in many experiments we recognize that purine alkaloids (PuA) and chlorogenic acids are influencing each other's biosynthesis. Frankly, the four-step reaction mentioned above does not provide a firm grip for a plant physiologist. It looks as if caffeine research has not yet plumbed the depths of plant metabolism, even though a large number of researchers have made excellent studies on this matter.
In this review, I shall first go back to the now already historical times when studies on caffeine biosynthesis started. Then I will summarize some old and recent hypotheses on it. Finally, I will point to a few findings and publications which were neglected during the search for the needle in the purine haystack, and take those to bring forward new ideas regarding the biogenesis of the most famous stimulant on our globe. Even though all is hypothetical, I hope it will be a modest contribution to ending the impasse.
A Bit of History
Back in my day, the professors were very keen to put, when lecturing, their research into a historical context. That is why Linné, Lamarck, Darwin, Mendel, Kossel, Emil Fischer, Dobzhansky, Chargaff, and Khorana were for us students like old fellas. Even special lectures on history of science were offered by the faculty. The advantage of plunging into history is threefold: It broadens the horizon, prevents from reinventing the wheel, and last but not least, befits the image of a scientist or politician.
At the same time when Sam Cooke (1931-1964) sang his famous "Don't Know Much About History" (Wonderful World Lyrics), Louise E. Anderson set out to tackle the origin of caffeine's purine ring. This was at Cornell in the lab of Martin Gibbs , and Louise was his first graduate student. They published the results of these primary studies in 1962 [1] :
"It was concluded that the xanthine base of caffeine is synthesized from the same precursors as are purines in all of the other systems which have been studied. The xanthine is converted to 7 (or 3)-methylxanthine and, in turn, to theobromine and caffeine. The apparent low incorporation into the N-7 methyl carbon atom would suggest an incorporation of a methyl group into this position relatively early in the formation of caffeine.
The primary effect of light is an enhancement of purine ring formation."
More than one decade later, studies on this issue were resumed, coincidentally at two places far away from each other:
(a) During his doctoral thesis in the lab of Eiichi Takahashi (1927-) at Kyoto University in Japan, Takeo Suzuki prepared and tested enzyme extracts from leaves of young, rapidly growing tea seedlings. Their catalytic properties were published in 1975 [2] : "Extracts prepared from tea leaves with Polyclar AT (…) contained two methyltransferase activities catalysing the transfer of methyl groups from Sadenosylmethionine to 7-methylxanthine, producing theobromine, and to theobromine, producing caffeine. "The results permit the identification of theobromine, 7-methylxanthine and 7-methylxanthosine as precursors of caffeine. 7-Methylguanosine seems not to be an intermediate in caffeine formation. (…) The synthesis of radioactive caffeine is increasingly stimulated by 7-methylxanthosine, 7-methylxanthine and 3,7-dimethylxanthine, in this order."
In essence, both studies [(a) and (b)] excluded xanthosine as a precursor of caffeine: It was neither an acceptor (to be methylated) in the enzymatic studies with Camellia sinensis extracts nor in the in situ stimulation experiments with Coffea arabica leaf disks. They also did not confirm the first report on the 'natural existence' of 7-methylxanthosine: Dolapo B. A. Ogutuga, the later inventor of the cola wine, undertook, in the lab of Donald Henry Northcote at Cambridge University, UK, some pioneering studies on tea callus cultures [4] . The results remain difficult to interpret, but Ogutuga refers to his dissertation work (1969), in which he had mentioned "the presence of 7-methylxanthosine in the supernatant of homogenized tea leaves centrifuged at 105,000g". I have not yet had the chance to validate this claim.
Yet, a decade after the experiments in Kyoto and Zurich, Osamu Negishi published, together with Tetsuo Ozawa and Hiroshi Imagawa, in two 'Rapid Papers' and in a 'Note' the findings he had collected during his thesis at Tsukuba University in Japan. 'The methyl group of methionine was incorporated into 7-methylxanthosine (ca. 10%) in the earlier period of incubation after the uptake. About 50% of the radioactivity of xanthosine was rapidly incorporated into caffeine via 7-methylxanthosine, 7-methylxanthine, and theobromine within 24 h. 7-Methylxanthosine was also converted into caffeine at a high rate. The results suggest that the pathway for caffeine biosynthesis is as follows: xanthosine → 7-methylxanthosine → 7-methylxanthine → theobromine → caffeine'.
In the second 'Rapid Paper', the authors presented their studies with enzyme extracts from young tea shoots challenged with 'cold' xanthosine and [ 14 CH 3 ]SAM [6] .
'To identify the reaction product of methylation by Nmethyltransferase, paper chromatographic analysis of the product and its hydrolysate was done and it was demonstrated that xanthosine was methylated at the N-7 position.
The cell-free extracts reproduced [in one and the same assay] all the reactions in the pathway from xanthosine to caffeine, as shown in Figure 1 , indicating that they contain the complete enzyme system involved in the biosynthesis of caffeine, that is, three Nmethyltransferase activities and a nucleosidase or nucleoside phosphorylase activity."
Finally in the 'Note' the authors reported about similar experiments on young coffee shoots (Coffea arabica) and enzyme extracts from their leaves [7] :
'Radioactivity was detected in the spot corresponding to 7-methylxanthosine, when xanthosine was used as a methyl acceptor. A small amount of 7-methylxanthine was also found. To confirm the site of methylation in the xanthine ring of the reaction product, the reaction mixture was treated with 1 N HCl at 100°C for 1 h. The hydrolysis yielded only 7-methylxanthine."
Thus, the researchers also showed for coffee, that xanthosine can act as the first methyl group acceptor of caffeine biosynthesis. However, coffee enzyme extracts did not catalyze the entire reaction chain up to caffeine as was noticed in the related experiment on tea.
The Dilemma -How to Escape it Incongruity
As outlined in the above section, prior to the publications of Negishi et al. in 1985 [5-7] neither the group at Kyoto nor the one at Zurich succeeded in showing that xanthosine played a role in caffeine biosynthesis. Even worse, the in situ existence of 7-methylxanthosine could not be proven in the follow-up experiments by Brigitte Schulthess, my PhD student at the University of Zurich: Caffeine-and non-caffeine-producing coffee cell suspension cultures obtained a 'biosynthetic stimulus' by ethephon or/and adenine and were labelled with either [ 14 C]adenine or [methyl-14 C]methionine. The cells were analyzed by HPLC-DAD and flowthrough radio-detection allowing inter alias the calculation of specific activity. In essence, besides the absence of 7-methylxanthosine in all experimental sets, the specific activity of xanthosine did not fit into the precursor role assigned to it. Photoperiod stimulated the biosynthesis of caffeine by a factor of more than twenty as compared with the control in the dark. Of course, chlorogenic acids also drastically increased during the photoperiod (from 0.1 mM to about 17 mM) [8, 9] .
The Adoption of Xanthosine
Shortly after Negishi's work, Ashihara's group published two papers, in which the 'xanthosine pathway' was taken for granted, despite scanty evidence after feeding [
14 C]adenine to tea seedlings [10, 11] . However, in the next paper, an exciting study on purine alkaloids in Camellia flowers, the reaction scheme was omitted by the authors and luckily, we find the first note related to the dilemma [12] : 'In our tracer experiments, little or no radioactivity was found in 7-methylxanthosine and 7-methylxanthine (data not shown)'.
We should not rejoice too quickly because in a following paper in collaboration with Takeo Suzuki [13] , the above-mentioned pathway remains undisputed, even though the key compounds were more than difficult to determine by paper chromatography. Instead of citing further examples we conclude that all the many in-siturelated studies failed to properly 'round up and enqueue xanthosine and 7-methylxanthosine into the caffeine sequence' of the live cell.
Metabolic Channeling Directs to the Last Resource
As seen for many biosynthetic reactions, the enzymes of the de novo purine biosynthesis have also been shown to aggregate reversibly into a transient multi-enzyme complex, the purinosome [14] . Currently, there is an interesting debate about the nature and advantages of such compartmentalization [15, 16] .
To escape from the deadlocked situation we had proposed in 1996 a caffeine biosynthesis route starting with the metabolicallychannelled formation of 7-methyl-XMP [17] based on the wellknown failure to label 7-methylxanthosine in situ and on the proof of a N7-specific XMP N-methyltransferase activity. However, experiments with a recombinant [18] protein named CmXRS1 showed methylation of xanthosine, but not of XMP and at first glance this may rule out the channeled pathway we had proposed. At second glance one must agree with these authors' statement [18] : 'The present results support the presence of the former pathway [starting with xanthosine], although we cannot exclude the possibility that unidentified CtCSs are related to the latter pathway, i.e., methylation of XMP'. This is the fatal crux. Irrespective of how pure either the enzyme protein or the substrate is, the in vitro test mirrors only one constellation out of many. In the target 'caffeine plant' we may find about one hundred potential related methyltransferases and an unattainably high number of possible substrates. This situation is like an equation with two unknown variables and leads us to the next section.
The superb substrates
All who were wrestling with PuA biosynthesis came sooner or later across the phenomenon of paraxanthine (1,7-dimethylxanthine): It is the first compound which was detected as a superb precursor of caffeine in the many labs dealing with this pathway, be it in vivo or in vitro. Since it is not or merely formed from either of the two possible mono-methylxanthines, its presumed role was easily and officially debunked [19] , but persists in patents aiming at efficiently producing caffeine. However, recently a caffeine synthase (PcCS) was found in young seeds of Paullinia cupana with higher affinity for theobromine than paraxanthine [20] , indicating that seeking the appropriate (highly specific) methyltransferase in the two last steps of caffeine biosynthesis remains a task! It could well be that xanthosine is another superb substrate. Surprisingly and uniquely, it had been reported to be transformed in one and the same enzymatic assay through four steps into caffeine [6] , which is really something! Conversely, we are faced with the in-situ setting, where one side records xanthosine's role as meagre [5] [6] [7] , and the other side that specific radioactivity rules out [9] its position attested by ex-situ experiments. As mentioned in the last section, the only way out is metabolic channeling, but it does not solve the problem of xanthosine: Is it a superb substrate like paraxanthine, to which one member of the scantily tested large methyltransferase family has been assigned [21] ?
Off the Beaten Track
Instead of clinging to the 'classical caffeine plants' the research should be expanded to include lesser known PuA-producing species. Historically, methyluric acids were discovered [22, 23] , because the analytical focus was set on the 'liberio-excelsoids', a taxonomic group unimportant to consumers' needs. A challenging example may be Theobroma bicolor (patashte, pataxte, pataste). The young leaves of it accumulate in parallel to theobromine considerable concentrations of 1-methyluracil [24] . Is the methylated uracil a product of theobromine synthase activity and/or does it get us to hit the road to pseudouridylation in RNA [25] [26] [27] and methylation of Ψ [28] ?
Old and New Hypotheses
Perhaps, Camargo [29] was the first who put a distinct-compoundrelated hypothesis into the 'caffeine world': In 1924 he reported about 'relatively large quantities of vernine' (=guanosine) in green coffee fruits. Leaves killed by frost contain more caffeine nitrogen than green leaves. Similarly, the so-called alloxuric bases' nitrogen (mostly free guanine) is increased by frost. His keen hypothesis derived from few results reads as follows: '… formation of caffeine in the leaves and berries of the coffee tree is brought about by the transformation of guanosine to guanine, of the latter to xanthine, and lastly, of xanthine to caffeine, due to the action of the enzymes'. Quite recently, guanosine obtained new significance in caffeine biosynthesis by the discovery of an alternate catabolic route mediated by a plant specific deaminase which generates xanthosine [30] . Moreover, we should mention here the precursor role of guanosine in young tea leaves discovered by Ashihara and Suzuki in 1991 (unpublished): About 55% of the label of [8] [9] [10] [11] [12] [13] [14] C]guanosine appears in theobromine and caffeine after 24 h; see Figure 3 in [31] .
Roland E. Kremers (1894 Kremers ( -1990 , until 1951 Research Associate at General Foods Corporation in Hoboken, and thereafter staff member at the Institute of Paper Chemistry at Lawrence College in Appleton Wisconsin, designed, in 1954, for coffee a most intriguing hypothesis, in which similar reactions are thought to transform adenine and nicotinamide of NAD into caffeine and trigonelline, respectively [32] .
In the following years, several researchers have focused on trigonelline metabolism. The first who examined Kremers' hypothesis -which implies a stoichiometric (molar) caffeine/trigonelline ratio of 1 to 1 in the coffee bean -was Hans Kende (1937 Kende ( -2006 , Professor at MSU-DOE Plant Research Laboratory, who studied for his thesis at our institute [33] . He showed, based on his own results and values from literature, that the two alkaloids neither in seeds nor in leaves of the coffee plant follow the postulated rule, but instead exhibit a strict reciprocal behavior: High trigonelline goes along with low caffeine and vice versa. Already in 1931, Nottbohm and Mayer noticed that high caffeine is always accompanied by low trigonelline [34] . Unfortunately, the values for the latter were systemically too low. In retrospect, unambiguous data supporting the 'caffeine-trigonellinerule' were published by Hadorn and Suter in 1956 [35] .
Finally we should keep in mind that Kremers' values fitted badly in his own hypothesis. Luckily, this incongruence did not stop him from publishing his idea.
In experiments from 1979 till 1983, my graduate student Peter Morath thoroughly followed the label from [8] [9] [10] [11] [12] [13] [14] C]adenine and [Lmethyl- 14 C]methionine to purine alkaloids in leaf disks and suspension cultures of Coffea arabica using HPLC and affinity chromatography for cis-diols. He synthesized 7-methylxanthosine monophosphate (5'), 7-methylinosine monophosphate (5'), MTA, Baumann MTR and their S-oxides, as well as [methyl- 14 C]7-XMP. Based upon the labeling kinetics and the scarce label in the methyl group of 7-methylxanthine (cf. also Anderson & Gibbs) , he came to the conclusion that the starting point of PuA synthesis could be SAM: Two SAM molecules react with each other by transferring the amino-carboxypropyl group from one SAM molecule to the N7 position of the other. Subsequently, the acp 3 -modified adenine moiety is transformed to 7-methylxanthine [36] . This hypothesis was not tested further, but in 2001 Koshiishi et al. showed for tea, that a large fraction of the radioactivity of [adenosyl- 14 C] SAH is reappearing in purine alkaloids [37] .
As plant physiologists we, Paulo Mazzafera and I, felt unhappy about the prevailing hypothesis of a caffeine pathway starting in the nowhere of the purine pool. Therefore, we discussed together alternative pathways. For example, since the cellular SAM concentration is highly regulated, excess SAM would be 'detoxified' by a short-circuit reaction deviating the purine ring and methyl groups into purine alkaloids.
Of course, all the above-mentioned variants are highly speculative and could, before we are leaving this playground, easily be supplemented e.g. by including (a) nucleic acid methylation simultaneously considering adenosine-to-inosine editing [38, 39] or (b) cytokinin metabolism (evidence suggests that kinetin applied to coffee leaves was readily transformed into caffeine in [40] ). Last but not least, one could aim at an 'All-in-One-Approach' by considering also the formation of isoguanosine/isoguanine [41] and its methylated derivatives, this uniting all PuA formed in higher plant clades in one and the same metabolic origin.
In Harmony and Disharmony with Prevailing Hypotheses, or
Let us Reduce with NADH/NADPH! Since paper does not blush, I have the courage to complete this article with a hypothesis based on Kremers' idea, that NAD is processed in parallel steps to both PuA and trigonelline [32] .
In Figure 1 , the already mentioned interplay of trigonelline and caffeine is substantiated (Maro R. Sondahl, Michael Stutz and Thomas W Baumann, 2002, not published). The data suggest a competition between the pathways leading to these compounds; the correlation is negative (r = -0.9394): High caffeine goes along with low trigonelline and vice versa, this covering an array of cultivars and species. The interpretation in metabolic terms may be difficult. For my part, I have not yet found the Columbus' egg.
However, the aim of this final section is firstly, to provide a backbone leading us to the xanthosine moiety compatible with the many in vitro observations discussed above. Secondly, it is suggested that all the enzyme activities (and the related proteins) as well as the cofactors mentioned below are clustered and so accelerate the processing of the nicotine amide and adenine residues while preventing intermediates from leaving the metabolic channel. Thirdly, the hypothesis was simplified as much as possible in a manipulative way and by 'creating dual activities' for at least one of the enzymes involved.
In the following scheme ( Figure 2 ) 'NAD' stands for all states and conditions of these cofactors, NADP included. In a first step (1,2), NAD is transformed to nicotinic acid-hypoxanthine-dinucleotide (NaHD) by the simultaneous action of nicotinamidase and a deaminase, the latter being effective specifically on adenosine derivatives as described by Kaplan et al. [42] . In a second step (3), the 'hypoxanthine part' is oxidized by a NAD + -dependent IMP dehydrogenase to yield nicotinic acid-xanthine-dinucleotide (NaXD) [43] . Finally (4), by the dual action of one and the same Nmethyltransferase trigonelline and 7-methylxanthine are liberated, as inspired by [44] . For reasons of simplicity, possible salvage cycles [45] were omitted, but may eventually explain the asymmetric alkaloid formation (Figure 1) . Therefore, I feel the urge to point to a recent work showing that a xanthosine phosphorylase is capable of using nicotinamide as a substrate for nicotinamide riboside formation [46] .
